Aim: The aim of this study was to evaluate the relationship between coronary artery calcification (CAC) assessed by multi-detector computed tomography (MDCT) and myocardial perfusion assessed by cardiac magnetic resonance imaging (CMR) in a group of symptomatic patients. Method: Retrospective analysis of 120 patients (age 65.1 ± 8.9 years, 88 males) who presented with atypical chest pain to Bethanien Hospital, Frankfurt, Germany, between 2007 and 2010 and who underwent CAC scoring using MDCT, CMR, and conventional coronary angiography. Patients were divided into those with high-grade (HG) stenosis (n = 67, age 65.1 ± 9.4 years) and those with no-HG stenosis (n = 53, age 65.1 ± 8.6 years). Results: There were more males with HG stenosis (82.1% vs. 62.3%, p = 0.015), in whom the percentage and number of abnormal perfusion segments were higher at rest (37.3% vs. 17%, p = 0.014) but not different with stress (p = 0.83) from those with no-HG stenosis. Thirty-four patients had myocardial perfusion abnormalities at rest and 26 patients developed perfusion defects with stress. Stress-induced myocardial perfusion defects were 22.4% sensitive and 79.2% specific for detecting HG stenosis. The CAC score was lower in patients with no-HG stenosis compared to those with HG stenosis (p b 0.0001). On the ROC curve, a CAC score of 293 had a sensitivity of 71.6% and specificity of 83% in predicting HG stenosis [(AUC 0.80 (p b 0.0001)]. A CAC score of 293 or the presence of at least 1 segment myocardial perfusion abnormality was 74.6% sensitive and 71.7% specific in detecting HG stenosis, the respective values for the 2 abnormalities combined being 19.4% and 90.6%. The severity of CAC correlated with the extent of myocardial perfusion in the patient group as a whole with stress (r = 0.22, p = 0.015), particularly in those with no-HG stenosis (r = 0.31, p = 0.022). A CAC score of 293 was 31.6% sensitive and 87.3% specific in detecting myocardial perfusion abnormalities. Conclusion: In a group of patients with exertional angina, coronary calcification is more accurate in detecting highgrade luminal stenosis than myocardial perfusion defects. In addition, in patients with no stenosis, the incremental relationship between coronary calcium score and the extent of myocardial perfusion suggests coronary wall hardening as an additional mechanism for stress-induced angina other than luminal narrowing. These preliminary findings might have a clinical impact on management strategies of these patients other than conventional therapy.
Introduction
Cardiac magnetic resonance imaging (CMR) myocardial perfusion has high diagnostic accuracy for coronary artery disease (CAD), even superior to single-photon emission computed tomography [1] ; however, it is known for its limitations. Coronary artery calcium (CAC) score assessed by multi-detector computed tomography (MDCT) has also been shown to have high specificity in excluding obstructive CAD [2] . The diagnosis of CAD by the two techniques is based on different concepts; while CMR assesses myocardial perfusion as a consequence of coronary disease, MDCT analyzes the arterial disease morphology and allows for quantification of coronary wall calcification. In addition, MDCT non-invasive coronary angiography has shown higher accuracy than CMR in determining coronary stenosis [3] .
Coronary calcification itself generally reflects atherosclerosis and its extent correlates with the overall plaque burden, in the form of luminal stenosis [4] . However, many symptomatic patients might present with coronary calcification in the absence of significant luminal stenosis, suggesting that arterial wall hardening could be associated with ischemic and compromised myocardial blood supply as a cause of symptoms. The aim of this study was to evaluate the potential relationship between CAC assessed by MDCT and myocardial perfusion assessed by CMR in a group of symptomatic patients, irrespective of the presence of luminal stenosis. 
Methods
This is a retrospective analysis of 120 patients (mean age 65.1 ± 8.9 years, 88 males) who presented with atypical chest pain, defined as inconsistent exertional chest discomfort, to Bethanien Hospital, Frankfurt, Germany, between 2007 and 2010 and who underwent CAC scoring using MDCT and myocardial perfusion scanning using CMR. All patients subsequently underwent conventional coronary angiography, which was performed not more than 1 month after the MDCT and CMR perfusion scans. None of the patients had acute coronary syndrome, heart failure, valvular heart disease, thyroid and parathyroid diseases, inflammatory disease, or chronic kidney disease (creatinine N 130 mmol/L). Significant obstructive coronary disease was considered present when there was clear evidence for at least one high-grade (HG) stenosis with ≥ 50% lumen narrowing on the conventional angiogram.
According to the coronary angiography results, patients were divided into two groups: HG stenosis group (n = 67, mean age 65.1 ± 9.4 years) and no-HG stenosis group (n = 53, mean age 65.1 ± 8.6 years). Being a retrospective comparison of imaging methods which had been ordered due to clinical indications by the cardiologists responsible for the patients' management. Therefore, an ethical vote did not appear to be necessary, according to the hospital policy.
CMR perfusion scan
CMR studies were performed using a 1.5-Tesla MRI system (Magnetom Sonata Maestro Class, Siemens AG, Erlangen, Germany), with the patient in the supine position, and additional ECG electrodes connected with external system (Magnitude 3150, InVivo Research Inc., Orlando, FL, USA) for continuous heart rate monitoring [5] . Blood pressure was also monitored. Both a six-channel body phased-array coil and a two-channel spine phased-array coil were used. Sequences acquired during breath-hold were performed during quiet expiration.
After localizers and anatomical images, perfusion imaging was performed. Typically, 3 short-axis slices, each with 10 mm slice thickness, were acquired at the basal, mid papillary, and apical levels of the left ventricle. Patients were stressed using conventional adenosine protocol. Adenosine stimulates A2 receptors in the microvasculature, leading to relaxation of the arterioles. In normal myocardium, this leads to increased perfusion without changes in blood volume [6] . With coronary stenosis, the magnitude of the increased perfusion during vasodilation is compromised [6] . The pressure drop results in capillary closure, reduced perfusion, and reduced blood volume, which is demonstrated as slower arrival and lower contrast agent concentration in the ischemic segment [6] .
A single shot prospectively gated balanced Turbo Field Echo (TFE) sequence with a typical in-plane resolution of 2.5 × 2.5 mm was used. Patients were then allowed to rest until the hemodynamic effects of the adenosine had subsided (typically 5 min). The location and distribution of myocardial perfusion defects in the left ventricle were described using the American Heart Association 16-segment model [7] .
For the stress study, intravenous adenosine was started 3 min before contrast injection. Twenty short-axis images were taken at every level of myocardium before, during, and after contrast injection. Myocardial perfusion was measured during adenosine infusion using high dose of Gadolinium-DTPA (0.06 mmol/kg). Adenosine was injected at a rate of 0.14 mg/kg/min, for 3-6 min for a total dose of 0.48-0.84 mg/kg. To avoid risk of large bolus drug, adenosine and contrast were administered through separate IVs [8] .
Acquired images were subsequently transferred to a dedicated computer for analyzing changes in the myocardial signal intensity [9] . Two experienced observers, blinded to the MDCT results, decided by visual assessment on the myocardial perfusion and the blood supply of the 6 conventionally studied segments.
Rest and adenosine stress scans were magnified and displayed at the same time for visual assessment [10] . In normal scans, the first pass into the myocardium changed its colour uniformly from black to gray. A slowly changing colour to gray suggested impaired perfusion and hence was considered as a perfusion defect either at rest or induced, if it occurred at peak stress. The CMR system employed quantitative parametric tissue analysis [5] .
Coronary artery calcium (CAC) score
CAC was measured using 64 MDCT (Somatom Sensation Cardiac 64; Siemens Medical Solutions, Forchheim, Germany) with a gantry rotation time of 330 ms (collimation 64 × 0.6 mm, reconstruction increment 0.3 mm). Images were acquired with the patient in quiet expiratory pause. Oral beta-blockers (bisoprolol 5 mg or metoprolol 50 mg) were given 1 h before the scan if the resting heart rate was N60 beats/min. Calcification was described as the presence of N2 contiguous pixels with N 130 Hounsfield Units. The workstation software automatically detected calcified areas and marked it in colour. The individual lesion scores were automatically summed to calculate the total Agatston score for each of the epicardial coronary artery territories as well as for the total coronary tree [4] .
Coronary angiography
The Judkin's technique was used with at least four views of the left system and two views of the right system. Angiography was performed within 1 month after the CT scan in all patients. Analysis of the coronary angiograms was performed by an independent experienced observer. Significant stenosis was defined as ≥50% lumen narrowing of any epicardial coronary artery.
Statistical analysis
A standard statistical software package (SPSS 20, IBM, Armonk, NY, USA) was used for the statistical analyses. Categorical variables were expressed as absolute number and percentage (%). Normally distributed continuous data were expressed as mean ± standard deviation. The comparison between the HG stenosis and the no-HG stenosis groups was analyzed using chi-squared test. Spearman rank correlation was used to define the correlation between different CAC levels and myocardial perfusion on CMR. The null hypothesis was rejected on p values b 0.05.
Results
Coronary risk factor distribution in the total study population and subgroups are listed in Table 1 . The cardiovascular risk factors did not differ between the two groups, except for a higher proportion of males in the HG lesions group (p = 0.015). Table 2 and Fig. 1 )
The percentage and number of perfusion segments were significantly higher in patients with HG stenosis with more than 1 segment perfusion defect at rest (p = 0.014), but there was no difference with stress (p = 0.83). Thirty-four patients had myocardial perfusion abnormalities at rest, and 26 patients developed perfusion defects with stress. Stressinduced myocardial perfusion defects were 22.4% sensitive and 79.2% specific for detecting HG coronary stenosis.
3.1.2. CAC score between HG stenosis and no-HG stenosis (Table 3 and Fig. 2) The patient number and percentage were significantly different between the two groups with a lower CAC score in patients with no-HG stenosis and a higher CAC score in those with HG stenosis (p b 0.0001). On the ROC curve, the CAC cut-off value of 293 had a sensitivity of 71.6% and specificity of 83% in predicting HG coronary stenosis, giving an area under the curve of 0.80 (p b 0.0001) (Fig. 3) .
CAC or/and myocardial perfusion in predicting HG coronary stenosis
A CAC score of 293 or the presence of at least 1 segment showing myocardial perfusion was 74.6% sensitive and 71.7% specific in detecting HG coronary stenosis. The respective values for the two abnormalities combined were 19.4% sensitivity and 90.6% specificity.
CAC score versus CMR myocardial perfusion (Table 4)
As shown in Table 4 , the severity of CAC correlated with the extent of myocardial perfusion in the patient group as a whole with stress (r = 0.22, p = 0.015), particularly in patients with no-HG stenosis (r = 0.31, p = 0.022). A CAC score cut-off value of 293 was 31.6% sensitive and 87.3% specific in detecting myocardial perfusion abnormalities.
Discussion
CMR myocardial perfusion has been shown to have high accuracy in detecting coronary artery disease and related events [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . This has been superseded by the greater accuracy of CTCA in excluding significant CAD [3] . The exact accuracy of the two techniques in identifying significant CAD (N50%) coronary stenosis in daily practice remains controversial [20] . Although CMR perfusion is considered a factual reflection of myocardial blood supply, as an accurate functional test, CTCA demonstrates the anatomical phenotypic manifestation of the disease and its implications on the coronary circulation. However, the main limitation of CTCA accuracy is in patients with severe calcification because of its masking of the true plaque size and relative narrowing of the lumen [3, 21] . In fact, current guidelines recommend conventional angiography in patients with more than intermediate degree of coronary calcification and a calcium score N200. Despite that, a subgroup of patients with either severe calcification but no significant stenosis or with impaired myocardial perfusion but no significant stenosis remains, representing a clinical dilemma. There is currently no study that has shown an ideal way of describing these patients or proposed a strategy for managing them. The purpose of this study was to assess the relationship between CAC and CMR myocardial perfusion in patients with insignificant coronary stenosis.
Findings
Our study results concur with some of the above findings in showing only a modest relationship between the presence of significant coronary stenosis and myocardial perfusion abnormalities by CMR. On the other hand, the CAC score was much more sensitive and specific in detecting HG stenosis, giving an area under the ROC curve of 80%. In addition, our findings highlight the relationship between CAC and stress myocardial perfusion defects, with an incremental increase in the number of myocardial segments showing perfusion defects, with stress, parallel to the progressive increase in CAC score, only in patients with no-HG stenosis. This suggests potential development of myocardial ischemia and symptoms as a result of the arterial wall hardening rather than luminal narrowing by a stenosis, suggesting that the CAC score might be reflecting the extent of plaque burden, irrespective of luminal narrowing [22] . We believe that we are the first to demonstrate that extensive CAC correlates with the diffuse pattern of myocardial perfusion defect in the absence of significant coronary stenosis, again suggesting a potential causative relationship. Pellika et al has shown a relationship between CAC and left ventricular wall motion abnormalities using stress echo but made no comment on the extent of obstructive lesions [23] . We too have recently shown parallel subendocardial abnormalities at peak stress in symptomatic patients with no coronary stenosis, particularly in those with significant calcification [24] . This evidence suggests that CAC, particularly with high scores, is likely to compromise coronary blood flow reserve and hence myocardial perfusion at the time of increased demand (peak stress).
Clinical implications
The coronary calcium score remains more accurate in detecting HG luminal stenosis over and above myocardial perfusion defects by CMR. Absolute reliance on luminal narrowing by either CTCA or conventional coronary angiography is likely to miss an important group of patients with limiting angina who do not demonstrate evidence for HG stenosis but suffer from wall hardening which compromises myocardial perfusion. This finding suggests an important role for the routine measurement of the CAC score in angina patients, particularly those with unexplained symptoms by conventional angiography. Fig. 1 . The difference in myocardial perfusion between the two groups at rest and with stress Table 3 The difference in CAC between the two groups.
CAC (n, %) 
Limitations
There was a gender difference between patients with HG stenosis and those without, but this does not seem to have influenced our results, since the relationship between CAC and CMR myocardial perfusion defects was shown in those with no-HG stenosis, negating the potential imbalance of males, who generally have higher incidence of CAC [25] . Assessment of CMR perfusion was semi-quantitative but followed the international recommendations [26] . This study was retrospective in its design therefore subject to potential bias in patient selection. A significantly larger sample volume would have strengthened the relevance of our findings, particularly with the subgroup of patients with extensive calcification who showed clear evidence for myocardial perfusion abnormalities. We relied in our data interpretation on the accuracy of the CAC measurements as previously reported by Achenbach et al [27] , who showed non-significant results in the variability of repeating CAC measuring by EBCT as well as the known low variability of the system we used (64-MSCT) [28] . None of the patients we studied was clinically felt to need an FFR assessment, this information is not available. Finally, we did not assess MRI reproducibility, having considered the long experience of the radiologist reported and the lack of potential competitor.
Conclusion
In a group of patients with exertional limiting angina, coronary calcification is more accurate in detecting high-grade luminal stenosis than myocardial perfusion defects. In addition, in patients with no stenosis, the incremental relationship between coronary calcium score and the extent of myocardial perfusion suggests coronary wall hardening as an additional mechanism for stress-induced angina other than luminal narrowing. These preliminary findings might have a clinical impact on management strategies of these patients other than conventional therapy. 
